The xenotropic (X-tropic) mouse type C virus (MuLV) and its pseudotype of murine sarcoma virus (MSV) were inoculated into several fertilized developing Pekin duck eggs. The development of the duck embryos was substantially reduced in those receiving the X-tropic viruses compared to eggs inoculated only with tissue culture medium. Infectious virus was isolated from some of the adult animals; in others, evidence for integrated virus sequences in the tissues was noted. No specific pathology was found in the ducks that received X-tropic MuLV alone, but one duck developed multiple fibrosarcomas when inoculated at birth with the X-tropic virus pseudotype of MSV. Two ducks receiving X-tropic MuLV had signs of haematopoietic disorders. In addition, more virus-inoculated animals had evidence of hepatitis and encephalitis than control ducks. Antibody production to X-tropic MuLV was present in several ducks inoculated with virus either in embryo or at birth. Absence of antiviral antibodies was noted in those animals whose tissues contained replicating virus. These studies confirm the observations with X-tropic virus in tissue culture. They demonstrate in vivo that avian species are susceptible to infection by the mouse X-tropic virus and that their fibroblasts can be transformed by the X-tropic MuLV pseudotype of MSV. t Present address:
INTRODUCTION
The xenotropic (X-tropic) mouse type C virus (MuLV) was first detected in the New Zealand Black (NZB) mouse (Levy & Pincus, 1970) , a strain which develops autoimmune disease and lymphoblastic lymphoma (Talal & Steinberg, 1974) . It is produced in high titre by NZB mouse cells, but six to nine copies of this virus are found integrated into the genes of all strains of laboratory mice and in the wild mice species of Mus musculus (Levy, 1978) . Its spontaneous production by mouse cells appears regulated by intracellular mechanisms; its expression varies among different mouse strains and even among animals within the same strain (Levy, 1978) . We have shown that the host range of X-tropic virus in tissue culture is very wide. It productively infects cells from many mammalian species and crosses taxonomic classes and infects avian cells efficientJy (Levy, 1975 (Levy, , 1978 . Attempts to find a role for the X-tropic viruses have been limited since the virus does not re-infect mouse cells. We therefore inoculated the virus into fertilized Pekin duck eggs and examined its 66 J.A. LEVY AND OTHERS effect on newborn and developing ducks. The results of our studies, conducted over a 5 year period, are reported.
METHODS
Animals. The fertilized Pekin duck eggs were supplied by Petaluma farms, Petaluma, Ca., U.S.A. They were placed within 24 h after fertilization at 4 °C and then transferred to an incubator at the time of experimentation. The ducks, after hatching, were housed in small brooders. Subsequently, they were placed in cages and, finally, in large running areas at the Animal Care Facility at the University of California, San Francisco, U.S.A. All ducks were numbered for identification.
Virus. The AKR and Motoney MuLV were obtained from mouse embryo cells chronically infected with each of these viruses. The NZB X-tropic MuLV (NZB-X) was obtained from NZB mouse embryo (ME) cells producing 3 logs of infectious virus/ml of culture fluid. The C57L X-tropic MuLV (C57L-X) was isolated from the thymus of a C57L mouse and passaged in dog cells for several months (Arnstein et al., 1974) . It titred 104.5 infectious particles/ml as determined by focus formation in mink S÷L -cells and induction of areas of MuLV p30 fluorescence in mink lung cells (Avery & Levy, 1978) . The NZB-X pseudotype of the Harvey strain of mouse sarcoma virus, H-MSV(NZB-X), was obtained from NZB-ME cells infected by H-MSV and then cloned to obtain cells releasing only H-MSV(NZB-X) and its helper NZB-X . This virus preparation, which titred 103.0 focus-forming units (f.f.u.)/ml, as measured in normal rat kidney (NRK) cells, was used directly or after several weeks of passage through human cells. This procedure increased its MSV titre to 104 to 105 f.f.u./ml in NRK cells. For some experiments, the X-tropic virus pseudotype of the Kirsten strain of MSV was used. Its titre was 103 f.f.u./ml. All X-tropic MSV (X-MSV) preparations contained infectious X-tropic MuLV (X-MuLV) at a comparable level , and were used undiluted for these experiments. No substantial difference in pathology or virus recovery was found with the different X-tropic virus preparations; therefore, the data obtained with all of them were considered together. The ecotropic Kirsten viruses, employed for preparing probes for the hybridization studies, were obtained from S. Aaronson, Bethesda, Md., U.S.A. and were propagated in mouse cells . Virus inoculation. The fertilized duck eggs at day 5, 8, 11 or 15 were pierced with a small blunt eggshell knife right over the developing embryo visualized under a candle light. The virus (0.1 ml) was then inoculated into the embryo through this window in the eggshell via a 27 gauge needle. The duck egg was maintained in an incubator and its development was visualized periodically with a candle light. Hatching occurred generally by day 28. Newborn and 1-month-old ducks were inoculated intraperitoneally (i.p.) with 0.1 ml of the virus preparation.
Cells used for virus detection. Most mammalian cell lines were maintained in Eagle's minimal essential medium (EMEM) supplemented with 5 % heated (56 °C for 30 min) calf serum (CS), 2 pM-glutamine and 1% antibiotics (100 U/ml penicillin and 100 ~g/ml streptomycin). Duck cells were cultured in EMEM supplemented with 1% non-essential amino acids and 10% foetal calf serum (FCS). XC cells, originally supplied by W. P. Rowe, Bethesda, Md., U.S.A., were cultured in this laboratory in EMEM with 5 % FCS. NRK cells were maintained in the laboratory in EMEM with 5 % heated CS. The NRK-Harvey line comprises non-virus-producing NRK cells transformed by H-MSV (Levy, 1971 Mouse xenotropic virus infection of ducks 67 cells (ATTC, CCL64) have been maintained in this laboratory in RPMI 1640 medium with 5 % heated CS. Cultures of human foreskin cells (HuF) were provided by Dr L. Epstein, San Francisco. They were used until the 12th passage when their sensitivity to X-MuLV diminished. Mink S+L cells were originally obtained from Dr P. T. Peebles, Bethesda, and have been maintained in our laboratory. A clone of these cells was used for these studies and was grown in RPMI 1640 medium with 5 % FCS.
Virus detection. Tissues were removed from sacrificed ducks and washed extensively in EMEM. They were then minced into small fragments and cultivated directly in culture or inoculated on to monolayers of mink or human fibroblast ceils . Some tissues were frozen at -70 °C until they were extracted with a Dounce homogenizer and assayed as a 10% (w/v) extract on mink or human cells pretreated with DEAE-dextran (Levy et al., 1979) . Presence of X-tropic virus was detected by direct immunofluorescence of the monolayer cells using fluoresceinated anti-Moloney MuLV p30 sera (provided by J. Gruber, NCI Resources Branch) or by inoculation of filtered fluid on to mink S+L -cells (Avery & Levy, 1978) . X-MSV was assayed by focus formation in NRK cells. Moreover, the inoculated mink and human monolayer cells, after three passages, and the cultured duck tissues were co-cultivated with the NRK-Harvey line. The filtered supernatant from these mixed cultures was assayed for the X-tropic virus pseudotype of MSV on NRK cells by standard techniques . The results reported indicate the number of tissues that were examined and those which showed the presence of X-tropic virus by one or all of these detection procedures.
Virus neutralization. Neutralization assays using X-tropic and ecotropic MuLV were performed by standard techniques . The titre given represents the reciprocal of the end-dilution showing 66 % suppression of virus infectivity. A 50 % reduction is shown as _+.
Histological examination. Pieces of tissue from sacrificed ducks were fixed in buffered formalin and examined after staining with haematoxylin and eosin.
Preparation of DNA and eDNA probes. Tissue samples were homogenized in 0.4 ~-NaC1, 0-1 M-EDTA. SDS (2%) and protease K (100/lg/ml) were added and the mixture was incubated for 1 h at 37 °C. Three phenol/chloroform extractions were performed. Nucleic acids were precipitated with ethanol, resuspended in 10 -3 M-EDTA and incubated with 100/2g/ml pancreatic RNase (Sigma) at 37 °C for I h. Two phenol/chloroform and two ether extractions were carried out. DNA was precipitated with ETOH and dissolved in 10 -3 M-EDTA. Prior to hybridization, the DNA preparations were sonicated at 1 to 5 A for 10 × 30 s (Dawe Soniprobe) with constant cooling. The Kirsten mouse sarcoma virus (K-MSV) cDNA was prepared as described previously except that the selection with virus RNA to produce more representative cDNA was omitted. This probe is enriched for the sarcoma component of the Kirsten virus complex and cross-reacts strongly with the H-MSV used in our experiments (Scolnick & Parks, 1974) . Kirsten leukaemia virus (K-MuLV) cDNA was prepared by transcribing K-MuLV RNA using the methods described for K-MSV cDNA. This probe recognizes MuLV sequences present in the X-tropic virus genome (Levy, 1978) .
Hybridization procedure. Hybridization mixtures (500/21) contained 125 /2g duck DNA and 500 ct/min (2.6 × 10 -5 g) ofcDNA probe in 2.4 M-phosphate buffer (PB). Samples were incubated at 76 °C for a minimum of 16 h. The high phosphate conditions used give a stimulation of the rate of reassociation (D. Kohne, personal communication) so that extensive hybridization of the duck DNA occurs within this time (see Table 4 ). Hybridization was assessed by retention of double-stranded DNA on hydroxylapatite in 0.13 M-PB at 61 °C. Reassociation of duck DNA was gauged by absorbance at 260 nm and annealing of cDNA by radioactivity in the single-stranded and double-stranded fractions. 
RESULTS

Effect of X-tropic virus inoculation on development of duck embryos
A total of 253 fertilized eggs were inoculated at different times with control medium from uninfected human cells, with a preparation of an X-tropic MuLV pseudotype of MSV or with X-tropic MuLV alone. In addition, 14 ducks were inoculated with virus at birth and two at 1 month of age. The percentage survival of ducks at hatching indicated some effect of inoculation on the developing embryos. Only 26% and 28% of the 131 X-MSVand 63 X-MuLV-inoculated eggs respectively hatched into newborn ducks whereas 75 % of the 59 eggs receiving control fluids successfully hatched. Table 1 shows several parameters measured on some of the ducks that were studied in detail. The recovery of virus, pathological symptoms, histological findings and serumneutralizing activity to X-tropic MuLV for all the ducks are discussed more extensively below. From this representative group it can be seen that antiviral antibodies were never found in ducks that had infectious virus in their tissues. Moreover, the presence of replicating viruses was associated with gross pathological findings in the animal (e.g. duck no. 32, 47, 101, 104, 214) .
Pathological symptoms and disease
In examining the frequency of pathological symptoms and disease, the virus-inoculated animals appeared more affected than the controls. Four out of 34 X-MSV-inoculated ducks studied developed symptoms of encephalitis (e.g. paralysis, staggering gait or coma). Sluggish behaviour reflecting perhaps brain and/or liver damage occurred in 11 ducks, 9 of which received X-MSV or X-MuLV. Death from unknown causes was observed in all experimental groups including the controls (Table 1) . Of the 52 hatched ducks which received X-MSV or X-MuLV, 1 developed a definite malignancy. The duck (no. 32), inoculated i.p. with a preparation of the NZB X-tropic MuLV pseudotype of MSV at birth, had, by 2 months of age, multiple fibrosarcomas involving the peritoneum and the lungs (Tables 1, 2) . Infectious X-MSV in high titre was isolated from the tumours (see below) (Table 1) . Two ducks had other diseases that could be related to virus infection. One 2-month-old duck (no. 26) received NZB-X virus in embryo and died with aplastic anaemia. Another duck, sacrificed at 10 months of age (no. 112), received the C57L-X virus in embryo and showed probable myeloid leukaemia at autopsy (Tables 1, 2). A definite proof of this latter diagnosis and its relationship to virus inoculation could not be ascertained since the tissues of this duck were not available for further study. Two ducks which received X-MSV in embryo developed epicarditis. The histological examination of the tissues also indicated that several virusinfected ducks had encephalitis and hepatitis (Tables 1, 2). One control duck had lesions in both the brain and liver.
Specific histological findings
Histological sections of tissues from 31 out of 36 ducks inoculated with X-MSV or X-MuLV showed marked degenerative changes in the cells from the brain, liver, lung, spleen, kidney and bone marrow. The spleen and bone marrow of many of these ducks also showed hyperplasia particularly of the reticuloendothelial (RE) cells. Eosinophilic granules were noted in cells of the kidney, spleen and bone marrow of some ducks. This material resembled amyloid, commonly found in these animals. Only two out of six control ducks examined had pathological symptoms. One (no. 42), which appeared 'sick' and died, had degenerative changes in the brain and liver (Tables 1, 2) . The other had RE cell hyperplasia in the spleen On: Sun, 30 Dec 2018 13:04:59
Mouse xenotropie virus infection of ducks 69 and bone marrow. Since infectious X-tropic virus was recovered from only five animals (Table 3) , it is difficult to conclude any direct effect of the virus on specific duck tissues. However, the development of pathological lesions was much more common in the virusinoculated animals (P < 0.05).
Recovery of infectious virus and antiviral antibody production
As shown in Table 3 , no infectious virus was recovered from tissues assayed from ducks which were inoculated with X-MuLV alone. However, X-MSV and its accompanying X-MuLV were detected in tissues from 3 out of 11 animals which received the viruses in embryo and from 2 out of 4 ducks that were inoculated at birth or 1 month of age. Three ducks (no. 47, 101 and 104) had infectious virus in their spleen, kidney, liver, bone marrow and brain (Table 1 ). It is noteworthy that these three animals had virus replicating in tissues which had no recognizable transformed cells. Histological evidence of degenerative changes in these tissues, however, was found (Table 1) . One duck (no. 32) inoculated i.p. at birth with an X-MSV preparation, had virus in its spleen and in the fibrosarcomas that developed in the animal. Another duck (no. 214), inoculated i.p. at 1 month of age, had X-MSV and X-MuLV only in its bone marrow. The spleen, kidney, liver and brain were virus-free. The other ducks cited above had virus in all the tissues available for study. All ducks from which virus was isolated showed signs of illness or died prematurely (Tables 1, 2).
Seven out of 44 sera from ducks inoculated with virus had antibodies to the X-tropic virus envelope (Table 3 ). In no instance was virus recovered from the tissues of these animals. Two of the ducks had no obvious pathology at the time of sacrifice (no. 37 and 219). Three of the ducks had symptoms of neurological disease (no. 8, 30 and 31). One duck exhibited sluggish behaviour and had an enlarged liver (no. 38) and one was found dead (no. 208) at 2.5 months of age. This latter duck had received a phenotypic mixture of X-MuLV and AKR-MuLV in embryo. It had substantial antibodies to both types of MuLV, but no antibodies to Moloney MuLV, which has a different antigenic coat. Sera from the other ducks were unreactive with the AKR-MuLV. Since AKR-MuLV cannot replicate in cluck cells, we assume it infected duck no. 208 via an X-tropic MuLV envelope (Levy, 1977a) and established an infection in the animal.
Presence of MuL V genome in duck cells
A selected number of tissues from several ducks were examined for integrated virus information. Because of the limited amount of material available we only measured final extents of hybridization. At the Cot values reached, duck DNAs reassociated >70%. Table 4 shows hybridization data on tissues from some of the ducks inoculated with viruses using the K-MuLV cDNA probe. Negative controls include uninfected duck spleen, calf thymus and Escheriehia coli DNA. In all these cases maximal hybridization of probes was <5 %.
In contrast, the probes reacted with K-MuLV RNA at >70%. With most infected duck tissues no substantial hybridization of cDNA was observed. However, cDNA hybridized to DNA from tissues of duck no. 35 and possibly no. 23 significantly better than to control DNAs. In a limited number of tissues examined with the K-MSV cDNA probe, hybridization of the probe was only observed with DNA from the liver of duck no. 35 (15 %), the kidneys of duck no. 210 (10 to 11%) and the spleen of duck no. 23 (11 to 12%). These levels of hybridization are low, but since all cells from the tissue were examined, dilution of proviral DNA by DNA from non-infected cells will have occurred. In addition, the K-MuLV cDNA probe would only be expected to hybridize to a maximum of 40 % with X-MuLV sequences (Levy, 1978) . Thus, the lack of more positive results could be misleading. * Results are given for all tissues examined from each duck. In some cases, contamination of the cultures did not permit a full evaluation of all the tissues from one animal. L, ~" liver; S, spleen; BM, bone marrow; BR, brain; K, kidney; RE, reticuloendothelial cells; LU, lung; SA, sacrificed; tcr, not tested. Viruses employed were: X-MSV, X-tropic virus ~. pseudotype of H-MSV grown in HuF cells; NZB-X, NZB X-tropic MuLV obtained from NZB-ME cells; C57L-X, C57L X-tropic MuLV grown in dog cells; AKR(NZB-X), phenotypic mixture of AKR-MuLV and NZB-X. Mouse xenotropic virus infection of ducks 73
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DISCUSSION
The results presented in this paper indicate that mouse X-tropic MuLV alone is most likely not pathogenic when inoculated into ducks. Nevertheless, its association with the development of aplastic anaemia and possibly myeloid leukaemia in two ducks deserves further study. Our data do show, however, that the X-tropic MuLV pseudotype of MSV can produce fibrosarcomas in the animal, although this event, as indicated by our data, occurs rarely. Moreover, the tumours arose only in a duck inoculated at birth. X-MSV was recovered from three animals inoculated in embryo in which malignancies were not detected. Cells from developing duck embryos may therefore be resistant to virus transformation or unable to survive after transformation takes place. Our results suggest that both X-tropic MuLV and MSV may affect the development of embryos since the number of inoculated eggs hatched was substantially lower than those receiving control medium (26 and 28 % versus 71%). We have suggested that X-tropic MuLV may function during normal maturation processes (Levy, 1978) , but a direct effect of the virus on embryogenesis in the duck cannot be assessed by these experiments.
Our data do indicate that infectious X-tropic MSV and MuLV can be recovered from adult ducks even when the virus is inoculated into the embryo. Moreover, we were able to detect, albeit generally at a low level, sequences in DNA from infected ducks which hybridized above background with virus-specific probes (Table 4 ). These observations support the conclusion that X-tropic viruses can become integrated into the duck genome. It is noteworthy that substantial titres of replicating transforming virus were isolated from the liver, brain and kidney of virus-inoculated ducks in the absence of any transformed cells in these tissues. This observation resembles the inability of the avian pseudotype of MSV to transform chicken embryo cells in culture (Levy, 1977b) . It may reflect the ability of MSV to transform only fibroblasts since duck embryo fibroblasts develop foci after infection in vitro with the X-tropic MuLV pseudotype of MSV (Levy, 1975 (Levy, , 1977b . Isolation of the virus principally from bone marrow (duck no. 214) also suggests that X-tropic MuLV may have a tropism for haematopoietic cells.
Two ducks that were inoculated at 1 month of age with X-MSV did not develop any signs of malignancy. In these cases, it was possible to know that infectious virus was definitely delivered into the animal. While the number of animals is small, the result suggests that once the immune system is developed in these ducks infection with an oncogenic virus does not lead to disease. In support of this conclusion is the fact that antibody production was not present in duck no. 32 that developed fibrosarcomas but was found in other ducks that were free of malignant disease (Table 1) .
The appearance in one duck of antibodies to AKR-MuLV was also an important finding. Since this duck serum did not react with Moloney MuLV, and MuLV group reaction was not involved. The result indicated that ecotropic MuLV in an X-tropic virus envelope can infect avian species in vivo as it has been observed to do in vitro (Levy, 1977a) . The oncogenicity in ducks of these known cancer-causing genes introduced via this mechanism requires further study.
The neurological symptoms and hepatitis, observed in several virus infected ducks but only one control, could be caused by an avian herpesvirus which is commonly found in poultry in California. Samples of diseased liver were examined for the presence of the recently recognized duck hepatitis virus, but none was detected (Mason et al., 1980; W. Mason, personal communication) . Certain wild-type MuLV have been implicated in neurological disease in mice (Gardner, 1978) ; thus, X-tropic virus could give rise to these symptoms in heterologous species. However, encephalitis was also seen in one control duck. Therefore, it appears most likely that the X-tropic MuLV virus is not the direct cause of any disease but may immunosuppress the animals so that they are more susceptible to other infectious agents.
